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Abstract The jointed surrounding rock is a geologi-
cal condition that is frequently encountered during the
construction of tunnels. The deformation and strength
of jointed rock masses have an obvious anisotropy,
and these mechanical properties could easily contrib-
ute to a number of factors, such as large deformation,
collapse, initial support damage, and secondary lining
cracking, during the construction process. Therefore,
in this paper, the failure mode of the jointed rock is
investigated, and the relationship between factors
such as the dip angle of the joint, the joint spacing,
the cover depth of the tunnel, and the stability of the
jointed surrounding rock is explored with the help
of the Shengli Tunnel. The results show that: (1) As
the joint dip angle increases, the failure mode of the
surrounding rock gradually evolves from flexural fail-
ure to shear-slip failure. (2) When the jointed spac-
ing is between 0.5 and 2.0 m, the surrounding rock
shows obvious anisotropy. As soon as it is greater
than 2.0 m, the deformation of the surrounding rock
decreases and the stability of the surrounding rock
will be improved. (3) The increase in the surrounding
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rock stress caused by the cover depth could result in a
more significant unsymmetrical loading phenomenon.
The yield area is primarily focused on the left arch
shoulder and right arch foot, which should be sup-
ported and monitored during the excavation.
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1 Introduction

Following the rapid development of transporta-
tion infrastructure in China, tunnel construction also
evolves towards greater depths, longer distances and
more complex geological conditions (Guo et al. 2021;
Ren et al. 2019; Sun et al. 2017; Yin et al. 2018). It
means that the difficulty of tunnel construction is
rising.

Joint is one of the frequently encountered sur-
rounding rock geologies in complex engineering
geology (Deng et al. 2014; Do and Wu 2020; Qu
et al. 2021; Wu et al. 2004). The interior of jointed
rock masses usually contains a large number of weak
structural surfaces, which cause the full rock mass to
be cut into different smaller blocks. Layered struc-
ture due to lamellar planes, foliations, delamina-
tion and fractures enables the rock mass to exhibit
significant anisotropy in physical and mechanical
behaviour (Huang et al. 2013; Kim et al. 2012). Dur-
ing excavation, the rock would develop looseness and
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be easily slid, dislodged, bent and fractured along
the weak structural surfaces (Jia and Tang 2008). In
some cases, the existence of joints could result in
large deformations, collapses and other catastrophes
in tunnel construction (Cao et al. 2018; Chen et al.
2019; Kulatilake et al. 2013). Therefore, it is essential
to assess the stability of underground engineering in
jointed rock masses.

The results of previous investigations have shown
that a variety of factors such as spacing, dip and stiff-
ness of joints could affect the mechanical properties
of rock masses (Brown 1970; Brown and Trollope
1970; Reik and Zacas 1978; Yoshinaka and Yamabe
1986). In numerical simulations, methods for ana-
lysing laminated joint formations are mainly divided
into continuum-based methods (Pouragha et al. 2018)
and discontinuum-based methods. However, it seems
difficult to explore qualitatively the effect of these
factors on the mechanical properties of jointed rock
masses.

Numerical method is an efficient and cost-effective
tool for solving complex problems in rock engineer-
ing (Hoek 2001). Excavation of tunnels in jointed
rock masses is an extremely complex and non-linear
problem. Both experimental and theoretical methods
have certain shortcomings in analysing the stability
of jointed tunnels. Numerical simulations can quickly
identify the most sensitive factors affecting the
mechanical properties of the rock mass with powerful
non-linear computational capabilities. The continuum
and discontinuum modeling are two commonly used
numerical approaches in rock engineering.

In continuum-based methods, layered structures in
intact rock masses are usually modelled by assigning
different material properties to mesh cells or adopting
anisotropic models (Do et al. 2019; Fortsakis et al.
2012; Fossum 1985; Gerrard 1982; Ghaboussi et al.
1973). However, the continuum method is an implicit
calculation method, which means that the rock mate-
rial cannot be fractured or separated, and joints are
limited to a small displacement level. It is different
from the real damage state of the rock mass.

The distinct element method (DEM) is one of the
popular methods for discontinuities (Cundall 1971,
1988; Hart et al. 1988), and it may be more appropri-
ate for handling the behaviour of jointed rocks. The
DEM models rock masses as a cluster of blocks which
may be rigid or deformable and an explicit solution
procedure is employed. The blocks are allowed to
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behave as continuum media and the block and joint
interactions are modelled by the Newton’s laws of
motion (Shreedharan and Kulatilake 2015). Fekete
and Diederichs (2013) developed an intermittent
model with 3DEC to simulate the failure of tunnels in
massive rock masses. Xing et al. (2018) used the dis-
tinct element method to study the effects of the post-
failure constitutive parameters of the rock masses, the
mechanical properties of faults and the delayed sup-
porting on tunnel stability. In the research of Shree-
dharan and Kulatilake (Shreedharan and Kulatilake
2015), the stability of two different shapes of tunnels
in deep coal mines in China was investigated using
3DEC. Gu et al. (2020) investigated tunnel deforma-
tion using udec and concluded that complex ground
stresses, easily weakened rock properties, asymmet-
ric rock structure and uniform supporting structure
are primary reasons that the roadway is asymmetri-
cally deformed. Hu et al. (2021) investigated the role
of stress ratios, slenderness ratios, rock orientation
and rock layers considering the direction of excava-
tion on the large deformation and depth of damage of
the excavation by using the apparent element method
(DEM).

There are some limitations to applying the exist-
ing results directly to engineering, due to the special
and non-repeatable nature of underground engineer-
ing. Hence, it is necessary to investigate separately
for Shengli Tunnel.

In this paper, the damage mechanism of jointed
rock masses is firstly described, and then the influ-
ence of joint layer thickness, joint dip angle, tunnel
depth and other factors on tunnel stability is quali-
tatively analysed by using the dem method based on
the Victory Tunnel. This study can provide a basis for
tunnel excavation and supporting.

2 Engineering Background

The Luding-Shimian Expressway spans across Lud-
ing County and Shimian County of Sichuan Province,
China (Fig. 1a). It is an important part of the trans-
portation plan in Sichuan Province.

Shengli Tunnel studied in this paper is one of the
important control projects of the Lushi Expressway
(Fig. 1b). The starting point of Shengli Tunnel is
located in Zanli Village, Lugiao County (Fig. 1b). It
passes through the typical mountain topography and



Geotech Geol Eng (2023) 41:1183-1201

1185

......

Shimian

(a)

Fig. 1 Location of the Shengli tunnel

extends to Gancao Village, Tianba County (Fig. 1b).
The tunnel has a total length of 5 km, and the average
section area is 120 m?, while the maximum section
area is 140 m>.

Wide distribution of joints in the mileage section of
Shengli Tunnel is from K500m to K600m. Preliminary
survey and drilling data from the site indicate that the
tunnel bedrock is primarily the underlying bedrock of the
Upper Triassic (Fig. 2). The tunnel bedrock is exposed on
the steep slope of the hillside and on both banks of the
Dadu River. The main lithology consists of dark gray
and black silty sericite slate, while the interior contains
gray bands, medium-thick metamorphic cuttings and
quartz sandstone interbedded with unequal thickness,
sand slate interbedded with unequal thickness, and oth-
ers. Diabase vein intrusions exist locally, while a large
number of Cenozoic faults developed inside. The main
fracture structures that affect the formation of the tunnel
are the major fracture (F1) and the minor fracture (F2).
Secondary faults are developed in the fault zone, with
the lens structure being particularly prominent. The fault
zone is mainly composed of slate, mudstone, and others,
with obvious flaky structure, strip structure, and layered
structure. After excavation, the rock at the tunnel face pre-
sented a layered distribution (Fig. 2c—f). The strata strike
corresponded to the advancement direction of the tunnel
face, which was consistent with the previous geologi-
cal drilling data. Comparing figures d, e and f, it can be
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seen that there are some differences in the thickness of the
joints and the dip angle in all three images. The statisti-
cal results of the field investigation indicate that the actual
rock thickness of the palm face ranges from 0.5 to 1.0 m,
and there is a possibility that the layer thickness increases
when crossing fault F1.

According to the previous experience of tunnel
construction in this area, the tunnel excavation pro-
cess of the layered joint fault section is susceptible to
bias pressure, large deformations, collapse, and other
phenomena. Therefore, in order to ensure the safe
excavation of the Shengli Tunnel, the stability of the
joint rock tunnel should be studied.

3 Mechanism of Deformation

This paper investigates the tunnel deformation in
jointed rock, and statistics the formation lithology,
the maximum stress of the original rock stress field,
the compressive strength of the surrounding rock, the
dip angle of joint, the maximum deformation, and the
maximum deformation site. Some cases are shown in
Table 1 (Meng et al. 2022).

According to the above statistics, when tunnelling in
jointed rock, the stability of the surrounding rock is not
only influenced by the joint dip angle, the strength of
structural plane, and the force conditions, but also by the
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Fig. 2 Profile of the Shengli tunnel

spacing, Layered structure, and orientation. In addition
to the general surrounding rock deformation and failure
characteristics of the tunnel, the deformation and failure
of the surrounding rock masses are more complex due
to the existence of structural planes or weak interlayers,
and their manifestations are more diverse. From the form
that jointed surrounding rock is destroyed, it is possible to
classify the deformation failure of a jointed surrounding
rock into two types, that is, flexural failure and shear-slip
failure.

3.1 Shear Slip Failure

Failure mechanism: There are structural planes in
jointed rock. After the tunnel excavation, the initial
stress state of the surrounding rock varies. As soon as
the stress state is ensured that the shear stress on the
structural planes is greater than the shear strength, the
structural plane is damaged.

The surrounding rock undergoes shear slip fail-
ure as shown in Fig. 3a, and the surrounding rock is
stressed as shown in Fig. 3b. A schematic diagram of
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a laminated rock mass containing a group of struc-
tural planes is shown in Fig. 3c. In this failure pat-
tern, p is the angle between the minimum principal
stress and the structural plane, and the stress on the
structural plane is expressed as follows. As a calcu-
lation process, the normal stress and shear stress of
layered rock mass are calculated by using the 2-1 and
2-2 formulas, and then equation 2-3 which is Mohr
coulomb criterion is used to judge the stress state of
layered rock mass.

o = (0, +03)/2+ (0, — 03)cos 282 2-1)
T = (0, —03)sin2p/2 (2-2)
T=octangp+c (2-3)

Condition for destabilization damage to tunnel
sidewalls is as follows.



Geotech Geol Eng (2023) 41:1183-1201 1187

Table 1 Deformation statistics of some typical layered jointed rock mass tunnels

Name Rock softness Maximum prin-  Compressive Joint dip Maximum Relative The max
cipal stress value strength of sur-  angle (°) deformation deformation deformation

(MPa)

rounding rock
(MPa)

(mm)

(%)

site

Ganban tunnel Soft rock con- 23.9 14.1 62 398 4 Vault
tains hard rock
Dujiashan tunnel ~ Soft rock con- 27.3 6.8 72 900 9 Vault
tains hard rock
Maoyushan Soft rock 22 5.6 80 1200 12 Vault
tunnel
Guanjiao tunnel  Soft rock 22 13.8 70 405 4.1 Side wall
Zhifang tunnel Hard rock con- 25 6 30 700 7 Bottom
tains soft rock
Taoen tunnel Soft rock 27.5 1.7 75 1200 12 Side wall
Tongsheng tunnel Soft rock 20 4 35 841 8.4 Vault
Hadapu tunnel Soft rock con- 12.6 6 0 650 6.5 Side wall
tains hard rock
Wushaoling Soft rock 322 1.7 29 1000 10 Side wall
tunnel
Maoxian tunnel  Soft rock con- 27.5 2 75 810 8.1 Vault
tains hard rock
Aerbeige tunnel  Soft rock 13 1.7 75 600 6 Side wall
Liangshui tunnel ~ Soft rock 25 29 65 750 7.5 Side wall
Suanshuiwan Soft rock 16.6 5 60 710 7.1 Side wall
tunnel
Beier tunnel Soft rock con- 11 5 60 540 5.4 Side wall
tains hard rock
Wuduxi tunnel Soft rock con- 11.5 5 60 520 5.2 Side wall
tains hard rock
Zhegushan tunnel Soft rock 23.6 5.6 70 600 6 Vault
Longxi tunnel Hard rock con- 27 15 68 512 5.1 Vault
tains soft rock
Wenchuan No. 1 Soft rock 19.6 12 30 342 34 Bottom

Tunnel

0, > 03+ 2(c + o5 tan (p)/(l —tan @ tan f)sin2f

24
where o is the stress on the structure surface, o, is the
maximum principal stress in the surrounding rock, o,
is the minimum principal stress in the surrounding
rock, f is the angle between the joint surface and the
minimum principal stress, ¢ is the angle of internal
friction at the surface, and c is the cohesive force at
the surface.

After the tunnel is excavated, once the surround-
ing rock meets the stress relationship of Formula (2)
to Formula (4), the side wall of the tunnel becomes
unstable and breaks.

3.2 Flexural Failure

Failure mechanism: After tunnel excavation, a bend-
ing surface would be formed. With the help of sec-
ondary stresses in the surrounding rock, the jointed
rock is subjected to tensile stress on the side which
is close to the tunnel surface. Usually, the tensile
strength of rock mass is generally far less than its
compressive strength. Once the stress in the sur-
rounding rock is greater than its tensile strength, flex-
ural failure would occur.

The flexural failure of jointed rock is shown in
Fig. 4a. The failure pattern of jointed rock is similar to
that of the fixed beam, so the stress conditions when the
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(a) (o)

Fig. 3 Shear-slip failure of the surrounding rock

(a) (c)

Fig. 4 Flexural failure of the surrounding rock

bending failure occurs in the surrounding rock can be
analyzed with the fixed beam. Figure 4c is the bending
moment diagram of the calculation model. From the
figure, we can see that the maximum bending moment
occurs in the central part of the beam.

My = ql* /12 (2-5)

Table 2 Related mechanical parameters of surrounding rock

Omax = My/I = Mmaxy/l = 712/2112 (2-6)

where g is the uniform stress, [ is the length of beam
slab, y is the weight of rock formation, and 4 is the
thickness of rock formation.

When the tensile strength of the surrounding rock
0<0,,. the surrounding rock maintains a stable
state. Otherwise, if 6>0,,,,, the flexural failure of the
surrounding rock occurs.

Flexural failure of the surrounding rock is mainly
induced by unloading rebound, which occurs mainly
in the rock body with high ground stress (such as
deep burial or tunnels with high horizontal stress). It
is always most prominent on the cavity wall, which
intersects vertically with the initial maximum stress
in the surrounding rock mass.

After tunnel excavation, when the thin laminated
rock layer is almost perpendicular to the initial maxi-
mum stress, the surrounding rock is easily damaged
under the rebound stress and eventually collapses by
squeezing into the cavity.

4 Numerical Simulation

The calculation is carried out in the 3DEC software.
A three-node triangular cell is selected to discretize
the model, and an encrypted mesh is applied to the
rock near the tunnel cross-section. The initial ground
stress of the tunnel only takes into account the gravi-
tational field, and the tunnel excavation is simulated
according to the full-section excavation.

We adopt the mechanical parameters of Shengli
tunnel as a reference for the numerical simulation in
this paper. The geological parameters and structural
plane parameters for this simulation are shown in
Table 2.

The size of the tunnel cross-section is shown in
Fig. 5. The cross-section of the tunnel is approximately
12 m wide and approximately 15 m high. Since the

Type Volumet- Elastic Poisson’s ratio Cohesive  Angle of Tensile Normal Tangential
ric weight modulus internal fric-  strength stiffness stiffness
(KN/m?) (GPa) (MPa) tion (°) (MPa) (Mpa) (Mpa)

Sounding rock 25 20 0.25 50 0.8 - -

Structural plane — - _

19 - 30,000 3000

@ Springer
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4 4 3 1 1 1

Fig. 5 Calculation model

calculation results would be influenced by the scope of
the model, the size of the model should be determined
before anything else to ensure an accurate simulation.
According to relevant research, the width of this simu-
lation model is 120 m and the height 100 m. The sim-
ulation model of the tunnel is shown in Fig. 5, where
measurement points for monitoring are placed around
the perimeter of the tunnel, as shown in Fig. 5.
Constraints: In the numerical simulation, the bound-
ary conditions are that vertical constraint applied at
the bottom, the pressure applied at the top, the hori-
zontal constraint applied at the left and right sides, and
the side pressure coefficient is taken with reference to

Eq. (1).
A=v/l-v (D

where A is the lateral pressure coefficient of the sur-
rounding rock, and v is the Poisson’s ratio of the sur-
rounding rock.

5 Results and Discussion

5.1 Influence of the Dip Angle of the Joints on the
Stability of the Surrounding Rock

In practice, the tunnel crosses a wide area and the
dip angle of the jointed rock is variable. Therefore,
for a quantitative analysis and to study the influ-
ence of the joint dip angle on the stability of the
surrounding rock, it is necessary to control the vari-
ation of the joint dip angle. The specific engineer-
ing conditions applied for the analysis are shown in
Table 3.

Table 3 Simulation parameters of different inclination angles

Engineering conditions  Joint dip Cover Joint
angle (°) depth (m) spacing
(m)
Condition 1 0 250 1.0
Condition 2 15 250 1.0
Condition 3 30 250 1.0
Condition 4 45 250 1.0
Condition 5 60 250 1.0
Condition 6 70 250 1.0

@ Springer
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The displacement of the surrounding rock caused
by tunnel excavation under different dip of jointed
rock mass is shown in Fig. 6.

From Fig. 6a—f, it can be seen that joint would
affect the deformation of the surrounding rock. When
the dip angle of joints is 0°, the deformation of the
surrounding rock is symmetrically distributed with
the tunnel axis as the center. The maximum defor-
mation is perpendicular to the direction of the joints,
and it is located at the vault with a displacement value
of 15.64 mm. As the joint dip angle increases from
15° to 30°, 45°, 60°, and 75°, the maximum defor-
mation of the surrounding rock gradually becomes
parallel to the joint direction, and the displacement
value changes from 15.62 to 18.12 mm, 15.37 mm,
21.39 mm, and 25.16 mm. During this process, the
deformation of the surrounding rock on both sides of
the tunnel gradually shows differences, and the loca-
tion where the maximum deformation occurs gradu-
ally shifts from the vault to the left arch shoulder.

The maximum principal stress distribution of
the surrounding rock under different dip angles
is shown in Fig. 7. When the joint dip angle is

small, the surrounding rock resembles a "super-
imposed beam". After excavation of the tunnel, an
empty surface is formed, and the surrounding rock
at the vault has formed flexural failures, as shown
in Fig. 7a, b. As the joint dip angle increases, the
stress required to trigger flexural failure of the sur-
rounding rock gradually increases, while the stress
required to trigger shear-slip failure decreases. As
the joint dip angle increases to a specific value,
the stresses required to trigger flexural failure and
shear-slip failure of the surrounding rock of the
joint are equal. At this time, the maximum deforma-
tion direction of the surrounding rock is at a certain
angle with the joint, as shown in Fig. 7d. After the
joint dip angle exceeds a certain value, the instabil-
ity of surrounding rock is dominated by shear slip
failure, and the maximum deformation is parallel to
the joint plane, as shown in Fig. 7e, f.

The relationship between the deformation of the
key points of the surrounding rock and the dip angle is
shown in Fig. 8. From Fig. 8, it can be seen that there
is a difference in the response of the vault and the
arch bottom to the joint dip angle. The deformation
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Fig. 6 Deformation of surrounding rock under different joint dip angles
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Fig. 7 Maximum principal stress distribution under different joint dip angles

at the bottom of the arch fluctuates within a certain
value when the joint dip angle changes.

As for the vault, when the joint dip angle increases
from 0° to 60°, the deformation of the surround-
ing rock fluctuates within a certain range. However,
as soon as the joint dip angle increases from 60° to
75°, the deformation of the vault increases rapidly.
The relationship between the deformation of the arch
shoulder and the fluctuations in the joint dip angle
is shown in Fig. 8. As the joint dip angle increases,
the deformation at the right arch shoulder decreases
before increasing. The deformation of the left arch
shoulder increases between 0° and 15°, but the defor-
mation tends to level off between 15° and 45°and
increases rapidly after 45°.

The radial stress after tunnel excavation is much
greater than the normal stress of the surrounding rock.
When the joint dip angle is between 0° and 30°, as the
joint dip angle increases, the angle between the radial
stress of surrounding rock and the joint plane contin-
ues to increase at the right arch shoulder. It increases
the stress required by the joint surface for the occur-
rence of shear failure, resulting in a decrease in defor-
mation. When the joint dip angle is greater than 30°,
as the angle of inclination of the joint increases, the
angle between the radial stress and the joint face

continues to decrease, the stress required for shear
failure decreases, and the stress in the direction paral-
lel to the joint face increases, which as a result, easily
form shear failure, making the deformation increase
and gradually parallel to the direction of the joint.
When the joint dip angle is between 0° and 45°, the
surrounding rock at the left arch shoulder is mainly
damaged by compression bending. With the change
of the inclination angle, the normal stress at the left
shoulder and the length of the "equivalent superim-
posed beam" will both change, which causes the
deformation of the surrounding rock to first increase
and then decrease. When the dip angle exceeds 45°,
shear damage predominates in this area. The failure
mechanism is similar to that at the right arch shoul-
der, where the deformation increases with increasing
dip angle.

When the dip angle of the joint is 0, the area where
plastic deformation occurs at the vault and bottom
is deeper than other areas (Fig. 9a). At this time, the
yield zone is mainly perpendicular to the joint, and
the surrounding rock appears to have been damaged
by flexural failure. As the dip angle changes, the yield
zone gradually spreads from the top of the arch to the
depth of the arch shoulder, and there is a large yield
zone both perpendicular to the joint and parallel to
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Fig. 8 Influence of joint dip angles on surrounding rock deformation

the joint direction. It is mainly explained that there
are two patterns of shear-slip failure and compres-
sion-bending failure in the surrounding rock at this
stage. After this stage, the yielding zone is mainly
parallel to the joint face, and shear slip failure is the
most common occurrence.

5.2 The Effect of Joint Spacing

The influence of joint spacing is inevitable in the
analysis of the mechanical properties of the surround-
ing rock. The surrounding rock mechanics under dif-
ferent joint spacing are quite different. Therefore, in
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order to investigate the influence of joint spacing on
the mechanical behavior of the surrounding rock after
tunnel excavation, an analysis was carried out accord-
ing to the engineering conditions shown in Table 4.
The deformation of the surrounding rock dur-
ing tunnel excavation with different joint spacing is
shown in Fig. 10. Since the jointed spacing is 0.5 m,
the maximum deformation of the surrounding rock is
at the left arch shoulder, where the maximum defor-
mation value is 25.32 mm. Thereafter, as the layer
spacing increases to 1 m, 2 m, 3 m, 4 m, and 5 m, the
deformation value of the surrounding rock changes
accordingly to 15.94 mm, 12.78 mm, 10.42 mm,
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Table 4 Values of related parameters for different rock layer
thicknesses

Condition Joint spacing Joint dip angle  Cover
(m) ©) depth
(m)
1 0.5 45 250
2 1.0 45 250
3 2.0 45 250
4 3.0 45 250
5 4.0 45 250
6 5.0 45 250

10.97 mm, and 8.65 mm. However, the position of
maximum deformation is always between the arch
shoulder and the vault area. During the tunnel excava-
tion process, this area should be monitored.

The maximum principal stress distribution of the
surrounding rock under different rock layer thick-
nesses is shown in Fig. 11. When the layer thick-
ness is 0.5 m, the maximum principal stress in the
surrounding rock is 0.8 MPa. As the layer thickness
increases from 1 to 5 m, the maximum principal
stress of the surrounding rock continuously decreases.
According to Formula (2) to Formula (6), as the layer

(b) (6 =15°

20 30
(e) (6 =60°)

Zones color
by state

Stablize
Failure

40 0 2 30
(c) (6 =30

40 10 20 30 40

(B (6=75)

thickness h increases, the shape and size of the tun-
nel section remain unchanged, that is, when the other
parameters of the formula remain unchanged, the
principal stress in the surrounding rock decreases,
improving the ability to withstand bending damage.
At the same time, the increase in the layer thickness
is equivalent to reducing the number of structural sur-
faces, and the possibility of a shear failure of struc-
tural surfaces is reduced.

As in the previous subsection, the deformation
of key areas of the tunnel was monitored during the
excavation, and the results obtained are shown in
Fig. 12. The deformation at the vault and arch bottom
varies with the joint spacing, as shown in Fig. 12a.
The deformation at the vault decreases from 16.76 to
10.76 mm as the layer joint spacing increases from
0.5 to 2 m, and the deformation at the bottom also
decreases from 13.49 to 7.32 mm, which changes sig-
nificantly. After the thickness exceeds 2 m, the defor-
mation continues to decrease, and the deformation
rate decreases significantly.

Comparing Fig. 12b with Fig. 12a and c, it can be
seen that the deformation of the surrounding rock at
the arch shoulders is more sensitive to the variation of
the joint spacing than other areas. As the joint spacing
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increases from 0.5 to 2 m, the deformation at the left
and right arch shoulders decreases to 11.72 mm and
4.62 mm, respectively. Subsequently, the deformation
trend of the surrounding rock in this area is similar to
that in Fig. 12a. As the thickness increases, the defor-
mation and its rate continue to decrease.

With regard to the arch waist area, there is an
obvious difference between the left and right sides
as the joint spacing increases. After the tunnel is
excavated, the surrounding rock on the left is prone
to shear failure and bending failure. As the joint
spacing increases, the resistance of the surround-
ing rock to deformation increases, thereby showing
the same trend as the other areas. The reason that

the deformation of the surrounding rock at the right
arch waist increases with a thickness of 2 m to 3 m is
attributed to the proximity of the monitoring point to
the joint plane, where the deformation is influenced
by the joint plane.

Figure 13 shows the plastic zone of the surround-
ing rocks with different thicknesses. It can be seen
that the yield area is distributed in the direction
perpendicular to and parallel to the joints when the
joint spacing is 0.5 m, while the distribution is con-
centrated at the left arch shoulder and right arch foot.
As the joint spacing increases, the yield area of the
surrounding rock decreases, especially in the direc-
tion perpendicular to the joint. Once joint spacing
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Fig. 13 Yield area of surrounding rock under different joint spacing

increases to 5 m, the yield area at the right arch foot
is almost negligible. It is mainly explained by the
increased integrity of the surrounding rock due to the
growth of joint spacing, and the ability to resist flex-
ural failure and shear failure is enhanced. Therefore,
the growth of joint spacing enhances the stability of
the surrounding rock and facilitates tunnel excavation.

5.3 The Influence of Depth on the Stability of
Surrounding Rock

Cover depth is an important factor that influences the
stability of the tunnel surrounding rock during the
tunnel excavation. Therefore, it is necessary to clas-
sify the depth in intervals of 100 m for the purposes
of fully understanding the influence of the cover
depth on the stability of the tunnel excavation. The
specific engineering conditions are shown in Table 5.

The deformation of the surrounding rock at differ-
ent depths is shown in Fig. 14. At a depth of 250 m,
the maximum deformation around the tunnel occurs
between the arch shoulder and the vault, and its value
is 18.12 mm. As cover depth increases from 350 to

@ Springer
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Table 5 Values of related parameters under different buried
depths

Condition Cover depth Joint dip angle  Joint
(m) ) spacing

(m)

1 250 50 1.0

2 350 50 1.0

3 450 50 1.0

4 550 50 1.0

5 650 50 1.0

6 750 50 1.0

750 m, the greatest deformation of the surround-
ing rock does not change significantly. They are all
between the spandrel and the dome, but the deforma-
tion value increases from 23.16 to 73.51 mm. It can
be seen that there is an approximately linear change
between the maximum deformation of the surround-
ing rock and cover depth.

The maximum principal stress distribution of
the surrounding rock under different cover depths is
shown in Fig. 15. As the depth increases from 250
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to 750 m, the stress increases from 0.78 to 0.8 MPa.
When the properties of the surrounding rock do not
change, the shear strength of the surrounding rock
is considered to be unchanged. As the buried depth
increases, the principal stress increases. When the
ratio of the principal stress to the shear strength
exceeds a certain value, the surrounding rock will be
destroyed. Therefore, increasing the buried depth will
reduce the stability of the surrounding rock.

The relationship between depth and deformation
of key parts around the cave can be explored, and
the monitoring results are shown in Fig. 16. As the
depth increases, the deformation of each monitoring
point increases, but there is a certain difference in the
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growth rate. Figure 16a shows the relationship curve
of the vault, the arch bottom, and the cover depth. It
can be seen from the figure that at the same depth,
the deformation at the vault is greater than that at
the bottom, and as the depth increases, the difference
between the deformation of the vault and the bottom
of the arch tends to expand. Figure 16b shows the
deformation as the cover depth varies at the sidewall.
Due to the presence of joints, the deformation on the
left and right arch shoulders is different. And as the
buried depth increases, both the deformation amount
and the rate of deformation are greater at the left arch
shoulder than at the right arch shoulder. This phe-
nomenon is attributed to the more uneven distribution
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of the deflective stresses generated by the jointed
envelope as the depth increases, resulting in differ-
ent deformations on each side. Figure 16d shows the
deformation of the surrounding rock at the arch foot.
While the depth varies from 250 to 650 m, the defor-
mation at the left arch foot is always greater than that
at the right arch foot, but the difference between them
decreases as the depth increases. When the cover
depth is 650 m, the change in the surrounding rock
is the same on the left and right sides. Accordingly,
the growth of depth could exacerbate the asymmetric
deformation of the left and right arches of the tunnel.

It can be seen that with the increase of depth, there
is a tendency for the deflection of the surrounding
rock to increase (Fig. 16). Meanwhile, the change in
depth has a significant impact on the left arch shoul-
der and the right arch foot. It is mainly caused by the
fact that this area is not only subject to compression
bending failure but also to shear slip deformation.
As a result, targeted measures should be taken in this
location in deeply buried tunnels.

According to Fig. 17, the plastic zone of the sur-
rounding rock is smaller when the buried depth is
250 m, and the plastic zone gradually increases as
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the buried depth increases. This is mainly due to
the increase in the buried depth of the tunnel and
the increase in the surrounding rock stress around
the tunnel, which in turn leads to an increase in the
amount of deformation required for stress release
after the tunnel is excavated, and an increase in the
extent of the plastic zone and the depth of spread.

6 Conclusion

The Shengli Tunnel served as the background for the
project to investigate the relationship between the
joint dip angle, the jointed spacing, the cover depth of
the tunnel, and the stability of the surrounding rock.
The conclusions are as follows.

(1) The presence of joints allows for an unequal
stress distribution on both sides of the tun-
nel. In the hard-jointed surrounding rock, the
mechanical mechanism of surrounding rock fail-
ure would change with the different dip angles.
When the angle is small, the surrounding rock
failure is dominated by flexural failure, which
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Fig. 17 Influence of cover depth on the distribution of yield zones in the tunnel surrounding rock
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is mainly concentrated at the vault. As joint dip
angle increases, the shear-slip failure gradually
becomes significant. Once the angle exceeds 60°,
failure is dominated by shear-slip damage.

(2) It is the variation of the joint spacing which
directly influences the stability of the surround-
ing rock. As the thickness increases, the defor-
mation of the surrounding rock decreases and
its stability increases. When the thickness of the
joints is small (d<2 m), the anisotropic effect
of the surrounding rock after tunnel excavation
is significant due to the relatively dense joints.
Once joint spacing exceeds 2 m, the mechanical
properties of the rock block tend to be that of a
complete rock mass, and the deformation of the
surrounding rock is small, which is conducive to
tunnel excavation and support.

(3) The influence of depth on the stresses in the
jointed envelope has similarities to normal rock
formations. In other words, an increase in depth
increases the stress and deformation around the
tunnel. The variation of depth has the greatest
effect on the deformation at the vault area. As the
depth increases, there is a high risk of the plas-
tic extrusion failure at vault, which could trigger
phenomena such as falling blocks. The difference
to the normal surrounding rock is that the jointed
surrounding rock will create a bias pressure phe-
nomenon, which brings about an obviously asym-
metrical distribution of stresses and deformations
on both sides of the tunnel axis. The greater the
depth, the greater the deviations.

The research in this paper focuses exclusively
on the damage mechanisms and influencing fac-
tors of tunnels with high-ground stress jointed rock
environments. In addition, the support system and
deformation control techniques need to be further
researched.
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